Blade lean and sweep are additional degrees of freedom for the three dimensional blade design. When compared to blade sweep, the influence of blade lean on the performance is not extensively described in the public literature. The effects of blade lean on the aerodynamic performance of a high-pressure ratio centrifugal impeller were investigated using a CFD (Computational Fluid Dynamics) approach. For total of 15 variations of blade lean given at the impeller inlet and outlet, while blade angles at the impeller inlet and outlet were unchanged, numerical solutions of the impeller with a vaneless diffuser were obtained at the design speed from a maximum choke flow to a minimum flow available. Compressor performance maps were generated to compare overall characteristics, and details of internal flow structure at 5 different quasi-orthogonal planes were investigated to see the effects of blade lean on the development of secondary flows. It was found that a positive lean at the impeller exit shroud helps mitigate the wake region to contribute to more uniform flows, resulting in an increase of the impeller pressure and efficiency. A negative lean at the impeller exit causes a limited head rise due to a reduced blade loading on the shroud. A negative inlet lean at the shroud provided the worst performance.
INTRODUCTION
By definition, blade lean is to incline the blade section in the circumferential direction, while blade sweep is to move in the axial direction (or the meridional direction in case of radial turbomachines). Blade lean and sweep are additional degrees of freedom for the three dimensional blade design. However, they have been preferably applied for the blade design of axial-flow turbomachines. When compared to blade sweep, the influence of blade lean on the performance is not extensively described in the public literature, even in case of axial-flow turbomachines. In radial turbomachines, it is hard to find many studies on the effects of blade lean and sweep.
Zhongqi et al. [1] tested annular axial-flow turbine cascades with blade lean, and found that secondary flow losses could be reduced using positively leaned blades which were characterized by obtuse dihedral angles between the blade suction surface and the inner wall of the cascade. Harrison S. [2] tested linear cascades of highly-loaded axial-flow turbine blades in order to investigate the mechanisms by which blade lean influences loss generation. It was found that blade lean has a marked effect upon blade loading, on the loss distribution, and on the state of boundary layers on the blade suction surfaces and the endwalls. Denton J.D. [3] investigated the effects of blade lean and sweep in a transonic axial-flow fan using his CFD code. It was found that the three dimensional blade shape with blade lean and sweep has remarkably little effect on the shock pattern near the tip. Lower down the blade a significant shock sweep, and hence reduced shock loss were induced, but those were usually at the expense of reduced stall margin. Benini, E. [4] performed a multi-objective design optimization on the NASA Rotor 37, and demonstrated that the overall efficiency was significantly increased by giving proper blade lean toward the direction of rotation (i.e., forward or positive lean), due to a dramatic change of shock structure. Howard J.H.G et al. [5] numerically studied the effects of blade lean for a centrifugal impeller, and found that an appropriate compound lean could reduce leakage flow, unload blade tip and increase total pressure ratio while keeping a constant efficiency. The appropriate compound lean was the positive blade lean from the impeller inlet to outlet which was a function of meridional distance.
The present study aims to investigate the effects of blade lean on the aerodynamic performance of a high-pressure centrifugal compressor by changing the lean angle, while keeping the same blade angles, at the impeller inlet and outlet. Of course, an excessive lean causes to exceed the maximum stress limit of the impeller. The present study is however focused on aerodynamic performance only.
COMPRESSOR AND BLADE LEAN
The high-pressure centrifugal compressor originates from a marine use turbocharger for medium-class ship engines whose design pressure ratio (total-to-static) is 4.0 and design isentropic efficiency (total-to-static) is 80%. The design air mass flow rate is 3.0 kg/s at design speed of 34,000 rpm. The unshrouded open impeller has 18 full blades, and is 45 degree backswept. In the present study, the original vaned diffuser was replaced by a simple vaneless diffuser to see the impeller performance only, as shown in Figure 1 .
Figure 1 Centrifugal compressor geometry in meridional view
The effects of blade lean were investigated in a highpressure centrifugal compressor impeller with a vaneless diffuser. The impeller is the same one used in the authors' previous studies on the low solidity diffuser performance [6] [7] . The definition of blade lean is shown in Figure 2 , and the changes of blade lean parameters are given in Table 1 where total 15 different geometries in 5 groups are listed according to the combinations of inlet lean (Lean1) and outlet lean (Lean2).
The "Lean1m" refers to the lean at inlet midspan, and the "Lean1t" at inlet tip. All the 14 cases other than the original impeller have different distributions of the blade angle in the streamwise and spanwise direction, while they keep the same blade angle at the impeller inlet and outlet in the spanwise direction. In order to clarify the geometry of the impeller design with various blade lean, the distributions of the tangential angle, called Theta (θ), with respect to the blade angle, called Beta (β), are shown in Figure 3 at the three spanwise locations of the hub, the midspan and the shroud. The θ and the β angles are defined in Figure 1 and Figure 2 , respectively. The Lean1 (inlet lean) can be found at θ = 0 degree location from the hub to the shroud, and the Lean2 (outlet lean) is found at the trailing-edge location where θ < 0 in the same way. In general, the impeller blade is designed by changing the β angle distributions. However, when blade inlet and outlet lean are wanted, it is suitable to use the θ angle distributions rather than the β. Therefore, blade lean introduces the use of θ angles together with the fixed β inlet and outlet, providing an additional degree of freedom in the three dimensional blade design. 
NUMERICAL METHOD
Compressible flow in a whole domain from CFD inlet boundary to CFD exit boundary, shown in Figure 1 , is analyzed using an in-house code, CNSTURBO [8] [9] , that employs the finite volume method with 4-step Runge-Kutta time integration scheme and the 2 nd /4 th -order artificial dissipation damping. It has been extended to cover a cut-off trailing-edge of blades and rectangular tip clearance regions using multi-block grid capability, and to add the k-omega equation model, used in the present study as a turbulence closure. Due to its original features of time marching methods, at upstream boundary total pressure and temperature are given with flow directions, and static pressure is imposed as the exit boundary condition to obtain a converged mass flow rate as part of solution. In grid generation, normally about 315,000 nodes are used to build the impeller, using the H-type structured grids. A grid sensitivity study had been made in Part I [6] where doubling the sizes of the computational grids had produced a difference in performance within 1.6% range, and of course much more computation time and memory requirement. The current grid sizes are therefore recognized to be reasonably efficient, because the authors are only interested in a steady state solution for overall compressor performance to build a supporting design guide. A 5% of span was consistently treated as running tip clearance from impeller inlet to exit. By varying static pressures at the exit boundary, computational flow points are shifted from choke toward stall. In the present study, the lowest mass flow point for each configuration does not mean a true stall/surge location, because any reverse flows occurring for lower flow rates in the numerical computation become an obstacle to solution convergence. It has to be understood that each lowest flow in the present study is the minimum flow with an acceptable tolerance of solution convergence. Steady numerical solution at any flow less than each lowest flow was not converged successfully. The convergence criteria used in this study is that the solution is regarded as converged when the normalized residual, a measure of local imbalance of each conservative control volume, falls below 10 -5 . In data reduction, all performance parameters are evaluated using mass-averaged temperature and velocities, and area-averaged pressure at any plane sections of concern. Figure 4 represents the overall performance of pressure ratio and isentropic efficiency of both "Compressor" and "Impeller" at design speed of rotation. The "Compressor" refers to a whole computational domain of the impeller and the vaneless diffuser of Figure 1 , while the "Impeller" domain ends at an immediate downstream location of the impeller. To make the plots easier to read, two separate windows were provided for each plot. Different performance is found in different cases because blade lean alters the distribution of blade angles, and therefore blade loadings. Calculation started from inducer choke flows to minimum flows at which the CFD solution was able to converge within a tolerance. At most of the smallest flow points, the impeller total-to-total pressure ratios are predicted lower than the compressor total-to-total pressure ratios, which is against nature. Such contradiction comes from incompletely converged energy solution at those points due to strong reverse flows. Figure 5 shows the numerical operating ranges of the total 15 cases at design speed which is defined as the ratio of mass flow rate change between maximum and minimum flow rates to maximum flow rate.
Figure 3 Continued

RESULTS AND DISCUSSION
Overall Performance
• Case (F), (G) and (H) which have a negative Lean1t provide the worst performance.
• The highest "Impeller" total-to-total isentropic efficiency is found in Case (A), while the highest "Impeller" total-tostatic efficiency is seen in Case (B). • Every case of negative Lean2 shows the highest "Impeller" total-to-total pressure ratio at lower flow rates in each 5 group as seen in Figure 4 (a).
• Case (E) provides the maximum pressure ratio over the operating range, but lower efficiency, as seen in Figure 4 (a) and 4(b).
Flow Details
To investigate the effects of blade lean, the pressure gradients inside the impeller blade channel need to be considered. As Van den Braembussche [10] explained, in a simplified structure of impeller internal flows, there are two different pressure gradients : one is a hub-to-shroud pressure gradient resulted from the meridional wall curvature and centrifugal forces, and the other is a blade-to-blade pressure gradient created by the blade loading. Combining both gradients in the current various lean types produces the schematic pressure distributions shown in Figure 6 .
For more detailed investigation, Figure 7 was generated to see the meridional velocity and the relative helicity distributions on 5 different sections of quasi-orthogonals in the impeller (see Figure 1 for their locations). The meridional velocity, which was normalized by the impeller tip speed, can illustrate the streamwise development of the throughflow velocity at crosschannel stations in the impeller. The relative helicity can access the streamwise vortex shedding, and it was also normalized as shown in the following equation, r denote the vorticity and relative velocity vector, respectively. Therefore, the relative helicity has a value of unity when a streamwise vortex is present, and its sign determines the direction of vortex rotation. According to classical secondary flow theory [11] , secondary flows are generated when there exists a component of acceleration due to either streamline curvature or Coriolis force in the direction of relative vorticity.
In the meridional velocity contours of the Original, a regular velocity gradient is found at Section I. A small wake is found near the shroud at Section II, but it is located rather close to the pressure surface. From Section III to IV the wake moves toward the middle of the flow channel, and at Section V the meridional velocity distribution becomes quite less disturbed. The observation agrees well to the behavior found in the experimental study [12] for a high-pressure centrifugal backswept impeller. In the relative helicity contours of the Original, at Section II two strong blade vortices are found, one near the pressure surface with positive helicity (which means a clockwise vortex) and the other one near the suction surface with negative counter-clockwise helicity. They are created dominantly by meridional wall curvature which induces secondary flows due to vorticity in blade surface boundary layers. A wide coverage of negative helicity near the shroud supports the location of the small wake which was rather close to the pressure surface. It is also affected by the tip leakage vortex with negative helicity found at the corner of the shroud and suction surface of the blade. At Section III the blade surface vortex near the pressure surface becomes stronger, and extends to the shroud area mixed with a growing passage vortex due to blade loadings. At Section IV and V, the passage vortex is further developed and undergoes an interaction with the tip leakage vortex and the blade surface vortex. The shroud passage vortex is found dominant reinforced by the Coriolis force. The tip leakage vortex grows to spread out near the shroud and suction surface of the blade. 
Impeller Exit Lean
To see the effects of the impeller exit lean (Lean2) only, the Original Design, Case (A) and (B) are considered because they have no inlet lean. In Figure 4 (a) and 4(b), at the design flow rate the Original and Case (A), which have a positive Lean2, show the same "Impeller" total-to-total and total-to-static pressure ratios with an acceptable level, while Case (B) with a negative Lean2 shows lower pressure ratios. In Figure 4 (c) and 4(d), at the design flow rate Case (A), which has a bigger positive Lean2, shows the highest "Impeller" total-to-total efficiency, while Case (B), which has a negative Lean2, shows the highest "Impeller" total-to-static efficiency. Figure 6 provides a straightforward approach to understand why a positive Lean2 contributes to a higher head rise than a zero or negative Lean2. The pressure gradient generated from a positive Lean2 helps reduce the low momentum region near the shroud on the suction surface, resulting in more uniform flow fields at Figure  7 where a local acceleration, found at the corner of the suction surface near the hub at Section V of the meridional velocity contours, disappears as the case moves from (B) to (A) through the Original. The acceleration, due to developed pressure gradients in the channel as illustrated in Figure 6 , reinforces a flow momentum defect near the suction and shroud surface, so called, wake.
The lower head rise in Case (B) of a negative Lean2 is attributed to a reduced shroud loading of Figure 3 . In terms of operating ranges of Figure 5 , the smallest range is found at Case (A), and the largest at the Original. An excessive positive Lean2 seems to limit the operating range. To check more details, the meridional velocity contours of the cases are plotted at different radius locations in the vaneless diffuser, as shown in Figure 8 . A faster mixing of the meridional velocity in the vaneless diffuser downstream of the impeller is observed in Case (B) due to its low level of velocity. A larger wake area spreads out near the shroud in Case (A) in the vaneless diffuser, and this would be one of the reasons to lose the operating range, by accelerating stall inception, compared to the others. It is interesting to note that in all cases within a very short distance of about 15% of the impeller exit radius the impeller exit flow is found to be mixed out.
Impeller Inlet Lean
In order to see the effects of the impeller inlet lean only, Case (C), (F), (I) and (L) are considered because they have no exit lean.
• Positive Lean1t
As seen in Case (C) of Figure 3 , a positive lean at the impeller inlet shroud needs a significantly reduced blade loading on the shroud. The clockwise blade surface vortex is therefore limited, especially near the shroud, as shown in Case (C)'s helicity contours of Figure 7 . Impeller total head rise is also suppressed.
• Negative Lean1t
Likewise a negative lean at the impeller inlet shroud requires an excessive blade loading on the shroud as shown in Case (F) of Figure 3 . The clockwise blade surface vortex is largely filled in the channel, as shown in Case (F)'s helicity contours of Figure  7 . Flow separation due to the excessive blade loading is observed near the pressure surface of the blade from the meridional velocity contours.
• Positive Lean1m
A positive lean at the impeller inlet midspan produces excessive blade loadings on both the hub and shroud as shown in Case (I) of Figure 3 . In Case (I)'s meridional velocity contours of Figure  7 , a significant wake area is formed near the shroud, and its center moves toward the hub at the impeller exit.
• Negative Lean1m
An excessive blade loadings at the midspan is needed for a negative Lean1m as shown in Case (L) of Figure 3 . In Case (I)'s meridional velocity contours of Figure 7 , a significant wake Figure 8 Meridional velocity contours in the vaneless diffuser at 3.0 kg/s area is formed near the shroud, and its center moves toward the hub at the impeller exit.
Case (M) vs. Original Design
Case (M) is a special case of a negative lean at the impeller inlet midspan and a positive lean at the impeller exit. For the geometry construction the θ and the β angles were modified from the Original, as seen in Figure 3 , resulting in an excessive blade loading at the midspan and still higher blade loadings on the hub and the shroud. But, it was found to provide acceptable performance comparable to the Original in all parameters of pressure ratio, efficiency and operating range. Referring to Figure 6 , because it has the "Negative Lean at Midspan" from the leading-edge and the "Positive Lean at Shroud" at the trailing-edge, the combination pushes the fluid away from the pressure surface near the hub and midspan to the suction surface near the shroud. This secondary flow contributes to the reduction of non-uniform flows with low kinetic energy near the impeller exit.
In the meridional velocity contours of Case (M), at Section II of Figure 7 , the small wake near the shroud is found at midpitch location. That is because the blade surface vortex near the pressure surface grows more toward the shroud, also shown in the relative helicity contours, due to raised blade loadings at the midspan which can be seen in Figure 3 and Figure 6 . From Section III to V the small wake center near the shroud does not move, and the positive helicity vortex grows near the midspan due to the higher blade loading at the midspan. Compared to the Original, the meridional velocity has a higher level, and the relative helicity has a lower positive level, which means the blade lean of Case (M) reduces the strength of streamwise vortices resulting in the increase of throughflow velocity and therefore the drop of "Impeller" total-to-static performance.
As seen in Figure 4 (e) to 4(h), however, Case (M) provides good "Compressor" total-to-static performance which is comparable to the Original. As found in Figure 8 , the radial distance of the present vaneless diffuser is long enough to recover kinetic energy from the impeller. Without sufficient radial length of the vaneless diffuser Case (M) would have shown lower "Compressor" total-to-static performance.
CONCLUSIONS
The effects of blade lean on the aerodynamic performance of a high-pressure ratio centrifugal impeller were investigated using a CFD approach. For total 15 variations of blade lean given at the impeller inlet and outlet, while blade angles at the impeller inlet and outlet were unchanged, the followings are drawn as concluding remarks. a) A positive lean at the impeller exit helps mitigate the wake region to contribute to more uniform flows, resulting in an increase of the impeller pressure rise and efficiency.
b) An excessive positive-lean at the impeller exit seems to limit the operating range. c) A negative lean at the impeller exit causes a limited head rise due to a reduced blade loading on the shroud. d) A negative inlet lean at the shroud provides the worst performance due to an excessive blade loading on the shroud. e) Case (M) shows an acceptable compressor performance comparable to the Original Design, but it has a lower total-to-static efficiency of the impeller. f) With respect to overall performance, the Original Design, which has a slight positive lean at the impeller exit, is found the best. However, a milder variation of blade lean at the impeller inlet and exit would be necessary for an additional investigation.
